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ABSTRACT 


The vortex valve pneumatic oscillator is describede Data 
obtained for variations of inlet area, bias flow and temperature 
are presented. The inout impedance of the valve is deterrined 
experinentally and found to have a region of negative resistance. 
If the valve is suoplied through a capacitance (a volume) the 
combination produces a limit cycle oscillation where pressure in 
the volume is a function of time. 7 


aneory credicts the frequency of oscillation to be insensi- 
tive to che suvply pressure. Analysis of the suvoly pressure 
versus frequency data snows the oscillator is nearly pressure 
insensitive. 


Theory vredicts the frequency of oscilletion to be directly 
proportional to temperatures. Tne static valve characteristics 
were found to vary with temoerature. Therefore, the termerature 
Sensitivity of the oscillator wes predicted from the static 
valve characteristics. The ratio of predicted temoerature sensi-~ 
tivity to actual temperature sensitivity was 3.2 to l. 
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CHAPTER I 


ENTRODUCTIOCN AND O2JECTIVES 


tae noroduction 

The vortex valve is a pure fluid modulator or amplifier. The 
Operation of the device depends on the dynamic interactions betueen 
streams of fluid rather than moving parts. The absence of moving 
parts and the absence of interface problems make the pneumatic 
oscillator attractive. 

However, the sacrifice made for havins no moving mechanical 
parts is difficulty in designing the geometric shapes analytic~ 
ally. In fact, an anaiytical procedure for comulete desis does 
not exist. Therefore, a great deal of the design is accormlisned 


emper ically e 


1.2 Cojective 

The objective of this tnesis is to design, construct and test 
a2 pneumatic oscillator whose frequency of oscillation is insensi-~ 
tive to supply pressure but sensitive to air temperature. Vesign~ 
ing @ device which is pressure insensitive eliminstes the need for 
regulation of the supply pressure. A fluidic temperature sensor 
is highlv desirable for temperatiwre sensing in systems operating 


with oxidizing gases or gases at extremely high temperatures. 





An ideal application for such a device would be Es a component 
of a fluidic speed control system for a gas turbine. 

The plan of attack was straightforward: desisen an oscillator 
that is theoretically pressure insensitive End tenmerature sensitive, 


vary one geometric peramcter to provide more information for future 


designs and test the device. 


1.3 The EMultinic Mmiet Vortex Valve 

A multiple inlet vortex valve is a eylindrical cavity witn two 
opovosing sets of tangential inlets arranged so that with either set 
flowing alone maxirmm vortex strength is obtained. Figure 1.0 
illustrates this geometry. The eloeeaice inlets are sunplied from 
a plenum above whille the counter-clockwise inlets are supolied 
from a4 plenum bolo. The intereshing feature provided by the 
geometry is its input impedance. Input impedance is defined as 
the slope of the curve of pressure versus mass flow at the counter~ 
clockwise ports while the cloclawise ports are supplied with constant 
mass flow through 3a choked orifice. The resulting characteristic is 
as shown in Fieure 1.1 Positive flow is defined as flow into the 


vortex cavity. 
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INLET VORTEX CAVITY 


1.0 SCHEMATIC OF A MULTIPLE INLET VORTEX VALVE 
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FIGURE 1.1 TYPICAL 
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IMPEDANCE CHARACTERISTIC 





A discussion of this characteristic will lead to a better 
understanding of the operation of tne valve. Suppose that the bias 
flow set of inlets cause a clockwise vortex while flowing alone and 
therefore tne other inlet set would provide 2 counter-cloc!sn.s¢ 
vortex while flowing alone. Yor discussion purposes, call the 
counter-clocicmse inlets number 1 and the clockwise inlets miunber 
Ze Referring to Fisure 1.1, region 1 corresponds to flow out of 
the vortex cavity through tne number 1 inlets. Point "B" corre~ 
sponds to the pressure caused by the flow through the number 2 
inlets with no flow throuch the number 1 inlets. As flow is 
introduced into the number 1 inlets, it decreases the vorteo: 
strength and causes the pressure to decrease; thus, refsion 2 of 
the characteristic LS generated. At point "A" the angular morent 
of the numoer 1 and number 2 inlets cancel. As more flow 1s 
introduced into the mee 1 inlets, a counter-cloclavise vortex 
is formed and the pressure increases, thus, region 3 of the 
characteristic is generated. 

This cnaracteristic provides a negative resistance refion and, 
therefore, a relaxation oscillator could be built. A flow source, 
a horizontal line on the coordinates of Figure 1.1, would have 
evaole intersections in all regions of the eharaceeriseice. Zoe 
ever, a pressure source, 2 vertical line on the coordinates of 


Hore J1.l, would have stable intersections in megeors 1 and > end 


unstable in region 2. Suppose there is a disturo2nce in the Plow 





source wiicn causes a flow increase momentarily wiile the pressure 
renains fixed, in region 2 the pressure reowired oy the mucber 1 
inlets decreascs and, therefore, tne source provides more flow 
ey a stable intersection is reached vertically; above in re 
36 

A relaxation oscillator car be pore eee if the nurber 2 
inlets ere supolied throush 2 choked velve witn a constant bias 
flow while the numoer 1 inlets are supolied through a volume. 
The flow to the volume is set by a choked valve at anvro:drately 
one~helf the bies flowe The volume acts as a pressure source. 
This combination provides excessive flow for region 1 and 
insufficient flow for region 3. The result is a limit cycle in 
which the volume discharges in region 3 until the vortex valve 
switches to region 1 where the volane charges until the vortex 
valve sijitches back to region 3, and the cycle repeats. figure 


1.2 1S a schematic diagram of the relaxation oscillator. 


14+ Scove 

The scope of this thesis is to design and construct a proto- 
type to examine one parameter of the internal geometry of the 
valve, to voredict and measure the pressure sensitivity of the 


oscillator, and to predict and measure tne tenmereturs seansiiie- 


ity of the oscillator. 
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FIGURE 1.2 SCHEMATIC OF RELAXATION OSCILLATOR 
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EPPARATUS 


eel Salve Desien 


Most of the design has been done empirically due to the 
absence of analytical methods. The valve has been desisned so 


a Sead 


Piece racrio Of inlet area to outlet area could- be vyoricad- 


io) 


Previous designs, see Reference (1), were constructed so that the 
opoesins tansenti2l inlet sects were lving in the same volane. 
Therefore, the oresent desizcn separated the sets of tanrential 
inlets axially by 0.25 inches. Both of the geometric variations 
will provide useful empLrical information for further design and 
possibly iedd Lo Ss) COmmeation Tor enely tea) Geena. 

The vortex chamber diameter was cucsen to be 2.0 inches. 
The vortex cavity has two outlets; each outlet area is 0.109 sa. 
incnes. To vrovide versatility ae the inlet configuration, 
twenty-four inlet slots were provided every fifteen desrees 
around the vortex chamber perimeter. In order to provide trenty- 
four inlets aroung the circumference of a tvo inch diameter circle 
and have part of the circumference remainine, the iniets rmst mals 
an angle of sreater than 35 dezrees with a tangent to tne circuti- 
ference of the circle. The 0.125 X 0.125 inch inlets were machined 


a 40 decree anele to a tangent at the vortex chamoer verimeter. 
ca ws wo 


igure 2.0 is a detailed drawing shovins only 4 inlets for clerity. 
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PART 2 


PART 2 





SCALE: 1/20"=1/8" 


FIGURE 2.0 DETAILED DRAWING OF A VORTEX VALVE 
PNEUMATIC OSCILLATOR 





Sate 


The inlets are supplied from plenums above and velo part 2. 

The volume wag desimned as an inlerral part ox the valve. 
This design assured equality of tne volume nressure and the pressure 
at inlets number 1. If the volume is chosen very larze compared to 
the vortex cavity volume, the amplitude of oscillation corresnonds 


closely to the knees of the curve shovm in Ficure 1.1. The reason 


ae 
PQA 
a wa U 


for this is that the chersing time of the volume is much 


© 


r 
than the switching time of the valve. As the voluze anproaches 
the volume of the vortex cavity, the oscillation stops; premmabdly 
due to the increasing influence of the valve dynamics. The present 
device was designed with the volume nearly 4 times larger than th 
volune of vortex chanber cavity to assure oscillation. The volume = 
bros Cll. in. 

Figures 2.1 and 2.2 snow a photograph of both sices of part 1 


in Fissure 2:0. 








FIGURE 2.2 VOLUME SIDE OF VORTEX VALVE 





2e2. Test Apvoaratus 


Figure 2.3 1S 2 schematic of the experimental setun. Figure 
24+ is a photograph of the apparatus. Helicoidal test gages were 
used to measure pressure and Yischer-Porter verlable area meters 
were used to measure flow rates. The air heater was a 4.5)! 
Wiegand gas heater. Temneratures were measured with copper~ 
constantan thermocouples. Pressure oscillation was measured using 
a Dynisco PI 25-25 pressure transducere Freqauency was measured by 
stopping a Lissajous figure which was generated with the transducer 
output on the vertical axis and a sine function send ee output on 
the horizontal axis of an oscilloscope. The frequency was counted 


using a Hewlett-Packard frequency counter. 
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FIGURE 23 EXPERIMENTAL SETUP 
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FIGURE 2.4 APPARATUS 





CHAPTER TIL 


BAPE RIMENT A DETER INATIONU OF STATIC VALVE CHARACTERISTICS 


Bel Eecoezimental Procedure 


referring to Figure 2.3, the static characteristics of the 
vortex valve were obtained as follows: 

a) The flow metering pressure was set and held 
constant at 40 psig 

b) Bias flowv,"C", was set and held constant at 
ereger 11.1 SCM4 of 5.25 SCSk. 

c) Region 1 of the characteristic curve was obtained 
by opening valve "B" and recording flow at 
flowmeter "3B" while valve "A" remained closed. 

d) Regions 2 and 3 of the characteristic curve 
were obtained by openines valve "A" and record- 
ing flow at flormeter "A" while valve B 
remained closed. 

e) The pressure at the mmber 1 inlets was 


measured with a mereury manometer. 


The above procedure was repeated for each of tne test concivions 
snown in Table 3.-le 


leakese flow was 1.640f a total inout of 28.25 SCFM. 
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Figures 3.1 to 3.8 show the static valve characteristics for 


maeectese Conaltions of Taple 3.1. 


TABLE 3 ® al 


TST CONDITLONS 


Test to.  Aiffo Bias Plow (SOM) Aix Temperature (°F) 
tT 1 0.30 5025 65 
ee? 0.30 Digeo 250 
es O'S ee 65 
Th 0 lbs 5025 250 
T 5 0.60 Bee o 65 
T 6 0.60 5.25 250 
7 0.91 eee 65 
ie 0.91 Soya: 250 
T 9 0,30 1510 65 
T10 0.30 11.10 250 
se 0.45 ano 65 
T12 0.45 eee 250 
as 0.60 Tale 65 
TL 0.60 de 250 
T1L5 0.91 aie 65 
T16 0.91 17.26 250 
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FIGURE 
STATIC VALVE CHARACTERISTICS 


FIGURE 3.3 
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FIGURE 3.5 STATIC VALVE CHARACTERISTICS 
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FIGURE 3.6 STATIC VALVE CHARACTERISTICS 
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FIGURE 3.7 STATIC VALVE CHARACTERISTICS 
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FIGURE 3.8 STATIC VALVE CHARACTERISTICS 





303 fmalysis for Static Characteristics 


The analysis for this device was originated by Mr. Adan C. 
Pell, Reference (1). To provide continuity to this report, it is 
repeated here. 

see Figure 3-9. The governing equations for the device are 


as follows: 


a) Source Equation 


W.. = constant (1) 


b) Volume Equation (continuity) 


ie oo Wa = } 
Ve Wy PV £2, 2) 
B t 
c) Iced 
Wa = ¢ (py. T, gvometry) (3) 
The volume is an intefral part of the valve; therefore, 
P, = Pe Since W cannot be determined as an analytic function of 
pressure, p, the equation (2) cannot be integrated directly. 
Therefore, a graphical technique will. be used for the solution. 
The technique is slope~line integration - see Appendix B. 
Revritine the volum= equation in finite aifference forn: 
=~ a am Ts f 
Sp Us 4 Taye. 8 T (4) 
where Ofe=— 2s Ot (5) 


pv 
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FIGURE 3.9 SCHEMATIC OF RELAXATION OSCILLATOR 





This form of the equation states: "the chanze in vressure over 
an inerenent of time is equal to the average net flow into the 
chamber during that time miltivlied by an interrating time factor". 


The time constant of the volume is given by: 


<i 


fp 


Ba (6) 
B 


Frequency of oscillation is inversely vronortion2l to the 


time constant of the volume. Since 


and pP a (8) 
Ie 


ta 


b4y 


the time constant of the volume is invesscly vrovortional to 
temperature. If the static characteristics were independent of 
temperature, we could precicst that frequency would be directly 
proportional to temperature. Since the static characteristics 
do vary with temperature, the temperature sensitivity prediction 
becomes more involved. Furthermore, the frequency is insensitive 


to vressure. However, this is only true if mass flows are held 


constant. 





30 Dymeriic Behavior, Theoretica 
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The predicted temperature sensitivity was obtained by assum 
ing a linear variation between 65° F and 250° F. The frequency at 
the end points was predicted using the graplrical technique 
mentioned in Section 3.3 and illustrated in igure 3.10. Frequency 
is calculated by relating the 6T period of oscillation to real 
time through equation (5). Presswre history can also be predicted 
by plotting pressure versus . 

For purposes of illustrating the method, the predicted fre- 
quency of oscillation for Figure 3.10 is calculated. eee 5e10 
shows .the period of oscillation to be 25 67. The slove of the 


dines is: 





Relating this veriod of oscillation to real time 


C= No Od (ie) 
KR 
where V = 3.385 x 107-2 %cuseee. 
k = 1.4 


ee 525 oR 


R = 1.72 x 103 £t.2/ sec.2 OR 
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Gees 0.5. i sae. therefore 


Hy 
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20.2 Hz 


The results of the invegration of the remaining static characver- 


Movre curves ave snow in Figure 3.11% 
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FIGURE 3.11 PREDICTED TEMPERATURE SENSITIVITY 





CHAPTER IV 


BXPERICEIGAL RESULTS 


4.1 Geometric Fffects - 


RR me DD 


The geometry of the valve has many effects on its static 
characteristics. The static characteristic changes considerably 
as the inlet to outlet area ratio increases. The charactcristic 
also changes with temperature. As the characteristic changes, 
so does the frequency and the outout waveform. Sse Fisures 4.1 
and 4.2. Furthermore, the temperature sensitivity of the device 
can be changed by changing valve geometry as shoim in Firsure 
3.10. The geometric configuration where Ke [Ag = 0.60 predicts 
a 34.6 percent change in frequency for a 35.2 vercent chanze in 
absolute temoserature. 

the position of the inlet slots around the vortex chanbver 
were varied holdinz Ay [Ao constant. Jt was found that spacins 
the inlets symzetrically or essymmetrically had little erfect 
on the valve characteristic, provided the two sets of tanzential 
inlets remained axially opvosed. 

The frequency of oscillation should be inversely pronorvion- 
al to the volume for a given vortex cavity geometry. Sealing C@gm 
of the entire device should increase frequency if the laws of 
dynamic similitude apply. However, it is not clear how sealing 
down the vortex cavity effects the static characteristic of the 


devices. 
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462 essure Sensitivity 


2 
were ae 


The device is very nearly insensitive to supnly pressure if 
air temosrature remains constant. Tne aectuel pressure sonsitivity 
of the device 1s shown in Figure 4.3. The sensitivity was measured 
by setting flow conditions at a metering oressure of 40 psig. 
Supply pressure was then increased to 80 psig, then decrenzsed to 
10 psig. The ratio-of flow into the volume to the bias flow 


reneined nearly constant throughout the range tested. 


4.3 Temoerature Sensitivity 


The ratio of vredicted temperature sensitivity to actuel 
temoerature sensitivity was 3.2 to 1 for a given geometry. The 
main problem encountered while atte: ting to measure temperature 
sensitivity was a controlladle constant temperature source. The 
fact that such avoparatus was not available made it imoossivle to 
obtain steady state temperature data. aA further shortcomings of 
Lhe apparatus wes chat the device was constructed of brass amc, 
therefore, provided a large heat sink. 

However, temperature sensitivity date was odtained vihile tne 
air temperature was steacily increasing. Thouga this is highs 
undesirable, it was the best information eamavle of ocelins produc 
from tenis anvaratus.e To fuard against misrenreseieaie tee Tome 
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FIGURE 4.3 PRESSURE SENSITIVITY 








valve outlet, and in the large volume. Tabdle 4.1 clesrly shows 
4.1 e 2 “1 of. a2 
che large termerature gradients present, 


Ficure 4.44 shows the actual temporature sensitivity of the 
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device, where temverature of the air in the volur 
Although the sensitivity does not agree with that preducted in 
Section 32.44, the author feels thet the undesirable themmeal 
cheracteristics of the valve ere a major cause of deviation. 


The precicted gain was obtained with the entire device at either 


ae 


A 


« However, steed; state temoeratures were not 


‘ay 


65° F or 2500 
ootained during the termerature sensitivity tests. Furcher 
pursuit of temperature sensitivity data with this apparatus was 


not attempted. 
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AL Ti PERATURES 


inlet Tem (OF) Outlet Zerp (CF) — Volume Tex (CR) 

5 65 65 
2 77 70 
SH 92 80 
116 106 90 
126 | ey | 100 
To ae 7 110 
152 140 120 
162 150 130 
yal ao 140 
185. Lo 150 
192 182 160 
200 190 170 
210 201 180 
219 20a 190 
226 220 200 
Zoo 229 21.0 
245 240 220 
Zoo 251 230 
262 262 240 


. 270 ae. eo 250 
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CONCLUSIONS AND SUGGUSSTIOUS 


Geometric parameters have a significant influence on the valve 
characteristics. Herein lies an area where much more investication 
should be conducted. The effect of cach of the geometric parareters 
should be studied to lead eventually to an optimum design. The 
effect of scaling the cevice is vitally important to its eventual 
application and, therefore, should be studied. 

This work hes shown the device to be in fact temnerature 
sensitive and pressure insensitivee Future work snould begin by 
constructing a mold from the existing device and casting a new 
valve using a non-heat~conducting material, vossibly plaster. 
rrior to attempting to measure the temmeraturc senSltivity, 2 
controllable temperature source must be obtained. If the results 
are acceptable, a device should be constructed of a material which 
follow the guidelines established in Appendix A. If a desiraole 


terocrature sensitive cevice is desirned, it must be tested for 
s+ ae 7 


Co 


speed of response to svep changes in terperature. 
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APPENDIX J 


HEAT TRANSFER EFFECTS 


To be. a useful terperature sensor, it is desirable to sens 
the temperature of the air entering the device. The following is 
an order of magnitude study to determing a material which results 
in the least heat transfer to the device. 

For this study, assume a solid homozenous body whose physical 
properties are constant; it is initially at a uniform temperature 
Ts and is suddenly plunged into 2 fluid wnose temperature is 
uniform at Tips the heat transfer coefficient at the surface of 
the body remains constant. 

Assume that the Biot number (fn) is greater than 6. With 
tids assumption, the interne] temperature gradients are negligible, 
i. e. the plate is thin. 


An energy balence may be written for tne boay: 


Heat input = increase of internal energy 


aQ = Ah (TT) dt = cpV aT (te, 2.) 
With the assumptions made, integration of (A.1) yields: 
ume cey in feee 1, (4.2) 





Equation (4.2) gives the time required to he at the body fra 


temperature D7 to Ty. 





Solwing equation (4.2) for the tine to rise 64.2 rercent of 


the way between an initial and final temmerature yields the time 


J. @ 


constent - 


<=) oe (A.3) 
hi 

For the temperature sensor, we want the material to respond 
tO 2 change in temperature quickly. 

For flowing gases, the order of magnitude for h is 2 -50. 

The actuel value will depend on the gas. The time constant decreas- 
es when the device is scaled dow since V/A decreases with scaling. 
The best material to use to construct the device will have the 
smallest pe product with the constraint that the Biot mumoer is 
preater then 6. Tadle A.1 shes tho thermophysical propertier at 
112° F, The half thickness, ro, of the material for this type 
device is on the order of 0.02 ft. Assuming h to be 50, tho 
thermal conductivity, k, for a Biot number equal to 6 is on the 
order of 6. The pe vroduct for the various alloys listed in Table 
A.l are the same order of mapnitude. 

The desien of an operational device could isolate the device 
from its environment by constructing a plenum chamber around the 
entire device and discharge the exhaust gas from the valve into 
the plenum. This desien should preatiy reduce temperature 


- 


pradients in the device. 





THERYOFHYSICAL PROPSREIES 


Copoer, pure 
Iron, pure 
Molybdenun 
Wickel 

Steel, mild 
Stainless steel 


Tungsten 


elt Le 


TABIE A.1 


pe (BTU/ft.3 OF) 


biel 
53.03 
38.2 
59 «0 
550 
5305 
38.6 


mr 13120 


k (BTU/hr ft .°F 





a1 Dew 


The author feels a device constructed of stainless steel 
(k = 13) and designed to be isolated from its environzent should 
minimize heat transfer to the devico and thereby permit the device 


to be used as a sensor of input 2ir tomperature. 
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APPENDIX BD 


This appendix describes slope-line intogration in genereh 
end explains its use in analyzing the static valve characteristics. 
Reference (6) is the source of the general description of the 
technique 

see Fipure 3B. le Suppose we are given two rectangles, 5 
and Aj, having equal basesAx. The areas of the rectangles are 


therefore proportional to their heights, hy and hoe 


Saga (B.1) 


Ay ho 


Suppose we are also given tyo inverted isosceles triangles 
each having the same vertex angle. The bases, a4 and aos of the 
inverted isosceles triangles ere also proportional to their 


heiLents, na and hoe 


a on (By2) 
“3 2 


Therefore, the bases of the inverted isoscales triencles are 


provortional to the areas of the corresponding rectangles 


Ay and Ay © 
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PIGURE B.2 
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A, = = 2 
oo 1 (B.3) 


Ay No 85 
Suppose fy and Ap were superiniposed as shown in Figure B.2. 
They are in effect inscribed in and circumscribed about a trape- 
ZOLA Age The area of fey = 0.5 Chy = ho) Ax which is eaual to the 


average area of the two rectangles AL and An; A, = 065 (Ay + ho). 


5 
The erea Ag can be found graphically; therefore, by adding half 
of tne "V" used to determine AW to half of the "V" used to deter- 
rine Ape The result is a "V" with a linear distance 2 which is 
2 measure of area Age see Fieure Be2Z-. | 

4 curve can be approximated by a series of travezoids; 
therefore, tne area under the curve can be found granhically. if 
the widths of the traoeszoids are all the sare, a series of Y's 
ali having equal vertex angles will determine the area of the 


travezoids. See Figure B.3. Note that the points in tne slope~ 


‘3 


line diagram record tne growth of area plotted against values of 
y, not values of x. 

Suppose we assume that the procedure is exact. The assunp- 
tion is valid if the curve is a polygon ratner than a smooth 
curvee The procedure’ is more precise for a smooth curve as the 


width of the travezoics aoproaches zero, i. e. steep slopes. 
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iv Given Curve Integral Diagram 
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FIGURE B.3 


Phase Plane 


aA=Aax r— 





PIGURE 6:4 





Dy 


Since dA = ydx (2.1) 
y = ch (3.5) 
ax 


Thereforo, Figure Be3 can be viewed as: 


At= dA = ¢ (A) (3.6) 


Such @ graph is a phase~plane plot. 


Now, let us suppose we were given a praph of A' as a function 
of A and we wish to obtain A as a function of x. We first choose 
a Ax interval. We then can set up the two slope-lines that 
constitute the V. In Figure 5.4 we see that AA = At Ax since the 
aren of a rectangle A' Ax can be renresented by AA. We now start 
at any point on the curve and construct the slope-lines from the 
fiven curve to the axis and back to the curve, etc. We obtain a 
Series of points on the curve spaced Ax units apart. Ne can now 
calibrate these points with apvropriate values of x. When we have 
finished, we can plot A as a function of x. Ve have successfully 
solved the differential equation (B.6). we can start anywhere 
along the curve since this reflects tne eo cnoice or tre 
constant of interration. 

The direct application to the analysis for the static valve 
charactoristic is discussed in the following paracranns. Tha 


analory that can be drawn bvetvoen the present enalpsis ond the 





previous discussion is streightforward. The stehie valve charac- 


Pan 


teristics together with the flow into the volure, Van: DeDresent 


a phase~plane plot. Since the nct flow rate into the volune, 


oe - Wy =Ydp is plotted against p.- Therefore, the analovous 
dt 


quantities are: 





oince we are given a graph of dav as a function of p, we can plot 


at 
p as a function of t and, therefore, can obtain the frequency of 


Vlalion . 

The Pencece iis to establish slope-lines of slope 61/2 as 
showrm in Fisure 3.10 and construct the zig zag pattern bet-.rcen 
Ws and Wy. The linear distance between the V's represent Sp. 
We obtain a series of points on the curve svaced ST units apart. 
We can now plot p as a function of Tand thus deterriine the 
period of oscillation. The period can be related to real tine 
through the equation 


S& = Vv. b87 
kRT 


and thus the frequency of oscillation can de computed. 
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